At the bedrock section of the auxiliary shaft of the Tong-ting coal mine, the sidewall has varying degradation degrees in different parts. The part on which water flowed is barely corroded, whereas the moist part near the pouring joints is seriously corroded. We first studied the mechanism of this phenomenon by chromatography, X-ray diffraction, and energy-dispersive X-ray spectroscopy. We then used simplified models built by particle flow code software (i.e., particle flow code in three dimensions, PFC3D) to analyse how increasing degradation depth affects compressive strength and failure patterns. The results were as follows. (1) Gypsum and calcite in corrosive water were supersaturated. The part on which water flowed was protected by the crystallized precipitation on the concrete. By contrast, the degradation of the part where water flowed through pouring joints was aggravated by internal crystallization and dissolution. (2) PFC3D numerical simulation indicated that decreases in vertical ultimate stress were strongly linearly correlated with degradation depth. As for the −355.5 m damaged part, reinforcement should be conducted before degradation depth reaches 250 mm. (3) No obvious signs were observed prior to the failure of the corroded sidewall. Therefore, the development of degradation depth should be monitored before degradation parts are reinforced.
Introduction
An auxiliary shaft is the only entrance for transporting staff and equipment; as such, its service life typically lasts more than 50 years, and its safety is of the utmost importance to a coal mine. 1 The sidewall of vertical shafts is often exposed to a complex stress environment, and formations nearby contain substantial amounts of aggressive ions, such as SO 4 
2−
, Mg 2+ , and Cl − . Many scholars 2, 3 posit that SO 4 2− and Cl − are the main factors causing underground structure degradation. However, limited research has been conducted on the influence of several "non-aggressive" ions, such as Ca 2+ .
Caused by exposure of concrete to sulphate ions and moisture, sulphate attack is due to a series of chemical reactions between sulphate ions and principle components of the cement paste microstructure. Sulphate attack processes decrease the durability of concrete by changing the chemical nature of the cement paste, and the mechanical properties of the concrete. This chemical process occurs when the sulphate ions react with ionic species of the pore solution and hydrated products of cement to form ettringite, gypsum or thaumasite or mixtures of these phases. 4 The precipitation of these solid phases can lead to strain within the cement-based materials, inducing expansion, strength loss, spalling, and severe degradation. 5 The groundwater of the Huang-Huai region contains high concentrations of SO 4 2− and Ca
2+
, and several vertical shafts at the bedrock section have been seriously corroded. In general, groundwater penetrates into the vertical shafts through two pathways: (1) by flowing out of the construction holes drilled during cageway girder installation; and (2) by flowing through pouring joints. When corrosive water flows on the inner wall, a dense layer forms on the saturated surface. The part under the dense layer is barely corroded, whereas the part where water flows through the pouring joint is seriously corroded. Considering the auxiliary shaft of the Tong-ting coal mine as the research object, we studied the mechanism of different degradation degrees of different parts. Although structural safety declines after degradation, reinforcement is unnecessary if the bearing capacity of the corroded shaft meets the safety design requirements. The deepest degradation was found in the −355.5 m damaged part; as such, this part was considered in building simplified models by particle flow code in three dimensions (PFC3D) to analyse the compressive strength and failure pattern as degradation depth increased.
Experimental: Degradation mechanism analysis
During the construction period, the subsection pouring method was adopted at the bedrock section of the auxiliary shaft of the Tong-ting Coal Mine. The general process of the subsection pouring method can be described as follows: drilling holes into rocks and filling them with explosives, detonating the explosives, ventilating and removing the slag, constructing the framework, pouring concrete. Given the unavoidable placing intermission, the glue between pouring blocks was weak, and a hydraulic pathway had formed.
Many construction holes were also drilled into the sidewall during cageway girder installation. The inner wall near the pouring joint at the bedrock section is moist but has no obvious flowing water. The flow rate from construction holes is typically more than 1 l min −1 .
Ion composition analysis of corrosive water
Three major damaged parts occurred in the auxiliary shaft of the Tong-ting Coal Mine, and they were located at −346, −355.5, and −357 m. The three parts were near pouring joints. Water was difficult to collect because the flow rate through the pouring joints was low. Thus, water from −391 and −419 m construction holes was extracted for analysis. In accordance with the "Code for investigation of geotechnical engineering", 6 the water samples were analysed by using an ICS-5000 ion chromatographer. The results are shown in Table 1 . . The average concentration of SO 4 2− is greater than 1000 mg l
; such a concentration is classified as "serious degradation degree" according to the "Code for durability design of concrete structures". 7 The average ion products of gypsum (CaSO 4 ) and calcite (CaCO 3 ) in the water samples are 1.17 • 10 −4 and 8.38
, respectively. These values are higher than the solubility product constant K sp of gypsum and calcite (7.1 • 10 −5 and 4.96 • 10
at 25 °C). Hence, gypsum and calcite in the water samples are supersaturated, and crystallized in the inner concrete wall near the pouring joint.
The chemical compositions of the water samples are quite different from a representative concrete pore solution, which led to the effect of medium transfer between the groundwater and the sidewall. Percolating groundwater along pathways through concrete efficiently leaches alkalis and portlandite, leading to a "leaching zone" characterized by the reduction of portlandite, Ca(OH) 2 . During further leaching, the density of the hardened cement paste is reduced accompanied by microcracking and therefore the permeability properties increase. Therefore, with the coaction of internal crystallization and dissolution, the sulphate attack in this part is aggravated.
Component analysis of the corroded concrete and the dense layer
In the damaged parts, the concrete near the pouring joint is subject to severe bulging and cracking. The paste matrix is characterized by graininess, and the bond between the paste matrix and the aggregate is weak. The most seriously damaged part is located at −355. were captured before and after the degradation layer of the −355.5 m damaged part was shovelled; the tape in Fig. 1. 2 was placed to demonstrate the contrast. As shown in Fig. 1 .1, the surface of the bulging part, which is slightly covered by white powder, is rough and higher than the nearby surfaces. The corrosive water from construction holes flows on the inner wall and is collected at the reservoir at the shaft bottom. As shown in Figs. 2.1 and 2.2 (which were captured at −430 and −390 m, respectively), the sidewall surface is flat and non-corroded under the protection of the dense layer. . Portlandite, which is one of the main constituents of common concrete, was not found in the corroded concrete sample. On the contrary, gypsum, which is hardly found in common concrete, is the main stage.
According to different phenomena and degradation products, sulphate degradation can generally be divided into five types, namely, sulphate, ettringite, gypsum, thaumasite, and magnesium sulphate crystalline degradation. Degradation type is highly correlated with the temperature, pH value, and sulphate concentration of the corrosive water. For example, sulphate crystalline degradation typically occurs when the pH is less than 10.5, the concentration of SO 4 2− is greater than 1000 mg l −1
, and the major degradation product is gypsum. The average pH value and concentration of SO 4 2− in the water samples are 7.69 and 1901.05 mg l −1 , respectively. The main stage of the corroded concrete is gypsum. Therefore, the degradation type may be sulphate crystalline degradation. The reaction formula of this degradation type is as follows:
As shown in The results of scanning electron microscopy and EDS show that the gypsum in the dense layer is predominantly at glassy state. As shown in Fig. 5 , owing to the compact structure of the glassy gypsum, the water permeability of the dense layer is low, thereby protecting the shaft concrete against the corrosive effect of the corrosive water. Although the cracks of the pouring joint grows because of the coupling effects of the formation pressure, the gravity exerted on the sidewall, and the degradation attack of the corrosive water, the flow rate through the pouring joint is reduced because the cracks become compact under high stress. Concrete water easily volatilizes because of the high-speed air flow in the auxiliary shaft, which is one of the intake airways in a coal mine. Therefore, the gypsum and calcite in corrosive water are crystallized in the inner concrete wall near the pouring joint, and the sulphate attack is aggravated at this part.
In summary, crystal stress is the major cause of concrete degradation near pouring joints. This conclusion is coincident with the findings of other studies. 8, 9, 10 Given that the gypsum and calcite in corrosive water are supersaturated, a dense layer is formed by the crystallized precipitation of gypsum and calcite when water flows on the inner wall. Therefore, not only the inner wall of the shaft, but the outer wall as well, is protected by the supersaturated corrosive water from sulphate attacks.
Results and discussion: PFC3D simulations of sidewall
Degradation damage is harmful to the structural reliability of auxiliary shafts, which are the only entrance points for transporting staff and equipment. The auxiliary shaft of the Tong-Ting coal mine has three major damaged parts, which are not far from one another. As such, the formation properties of these parts are similar. The −355.5 m damaged part, which contains the deepest degradation depth, was considered the research object. PFC3D models with different degradation depths were built to analyse the degeneration of compressive strength and failure patterns.
Establishment of PFC3D models
The rocks at the bedrock section are homogeneous (mainly sandstone or mudstone). The stratum inclination is low (approximately 5° -15°), and the degradation depth is almost axisymmetric. Thus, by symmetric constraint, we utilized 1 ⁄ 8 of the sidewall to establish a numerical model. The height of the simplified model was assumed to be 2.0 m to reduce the stress concentration effect.
Given that the bedrock section sidewall is under a uniform load, any vertical section shear is zero. The fraction and normal displacement of the two vertical planes were set to zero. The upper and lower planes are two load planes that load or unload the sample by moving along the vertical axis. The side face of the model is a servo plane that keeps the confining pressure constant through expansion or contraction. The fractions of the upper and lower planes were set to the same values as the contacts. Using the Fish language built in PDC3D, we programmed a loading procedure based on the numerical servo-mechanism.
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During the loading procedure, the vertical strain rate was 0.025 s −1 to maintain the model at static equilibrium. The boundary conditions for the numerical simulation are shown in Fig. 7 . Contact-bonded and parallel-bonded models are two widely used bond behaviours. The parallel-bonded model is more appropriate for concrete than the contact-bonded model because the former can transmit both forces and moments at the contact point among particles. For this reason, the parallel-bonded model was used in this study.
No mathematical relationship exists between microscopic and macroscopic parameters. Therefore, numerical simulation experiments were conducted to obtain microscopic parameters. In this simulation, the minimum radius of the balls was 12 cm, the ratio of the maximum radius to the minimum radius was 1.66, and the particle diameter distribution obeyed Gauss distribution. The concrete grade of the sidewall at the bedrock section was C30. The uniax- , respectively. When the microscopic parameters (Table 3) , respectively. Thus, the microscopic parameters in Table 3 were adopted in the simulation. In Table 3 , friction is the particle friction coefficient, ba_Ec is the Young's modulus at each particle-particle contact, pb_Ec is the Young's modulus of each parallel bond, pb_kn parallel-bond normal stiffness, pb_ks is the parallel-bond shear stiffness.
The pouring joint was simulated as a joint plane created with the JSET command. The position was specified by the DIP and ORIGIN keywords, and the weak properties were assigned on the plane. Given that the structure of the corroded concrete is loose and the bearing capacity is low, the particles in the corroded part were deleted in the simulation. A population of particles with an artificially small radius was created within the specified volume to improve the generation speed. Small-radius particles were easy to place in this manner because the available void space was large. The particles were then expanded until the desired porosity was obtained. The total numbers of particles of the 0, 100, 175, and 250 mm degradation-depth models were 21372, 21157, 20977, and 20791, respectively, as shown in Fig. 8 . 
External forces on the simplified models
External forces on the sidewall can be divided into two types, namely, (1) lateral pressure p h , which includes formation and water pressure; and (2) vertical pressure p v , which includes the gravity of the sidewall and the equipment, as well as negative friction force. 12 Although no groundwater is present and the cohesion of the surrounding rock is low, the lateral pressure on the outer wall can be calculated with the following formula:
where K n is the lateral pressure coefficient of i-th formation; ρ i and h i are the bulk density and thickness of i-th formation, respectively. The average bulk density and the lateral pressure coefficient were assumed to be 2300 kg m −3 and 0.164, respectively. The lateral pressure on the sidewall at −355.5 m was 1.32 MPa.
The ultimate stress of the sidewall includes vertical and radial ultimate stresses. The vertical ultimate stress refers to the maximum vertical load while the lateral pressure remains invariant. The radial ultimate stress is almost the same. At the bedrock section of the Tong-ting shaft, the formation and the lateral pressure are stable. Thus, our study focused on the vertical ultimate stress as degradation depth increases.
Crack count (CC)
Crack initiation stress and crack damage stress are two important indicators in the failure process of the shaft sidewall. The crack initiation stress marks crack initiation and stable propagation. When the stress exceeds the crack damage stress, crack growth becomes unstable, and rock dilation begins. In the parallel-bonded model, bond breakage causes the bonding stiffness to become inactive, resulting in stiffness reduction. In this respect, the CC recorded in every n steps can be used to characterize the damage degree. 14 In the PFC3D simulations, if the cracks in each step were regarded as an event, then the obtained result would be large in randomness and weak in representativeness. By making comparisons, we treated the CC in every 20 steps as one event. 
Analyses of the numerical calculation results

Relationship between vertical ultimate stress and degradation depth
A recent study 15, 16 demonstrated that the failure law greatly influences stress states. As the loads become more complex, the shaft sidewall becomes subjected to a three-directional pressure. The sidewall concrete is reinforced by the confining pressure. The formula for calculating the vertical ultimate stress is as follows: (3) where d and r are the thickness and inside radius of the sidewall, respectively, and p h is the lateral pressure on the sidewall.
As for the sidewall of the Tong-ting shaft at the bedrock section, d, r, σ c , and p h were 0.45 m, 3.4 m, 21 MPa, and 1.32 MPa, respectively. The calculated vertical ultimate stress was 31.73 MPa, which was close to the PFC3D result of 34.1 MPa. These values suggest that the simplified PFC3D models can achieve satisfactory calculation accuracy. Fig. 9 shows the relationship between degradation depth and vertical ultimate stress based on PFC3D simulations. The result showed a good linear relation between vertical ultimate stress and degradation depth in the range of 0-250 mm. The linear equation was , and the related coefficient was 0.998. When the degradation depth reached 250 mm, the vertical ultimate stress was 14.8 MPa, which was less than the design value of 14.87 MPa. Reinforcement should be conducted before the degradation depth reaches 250 mm.
Stress-strain and CC curves
Stress-strain and CC curves with different degradation depths are shown in Fig. 10 . The monitoring points C, D, and F in Fig. 10 represent the proportional limit, ultimate stress, and CC peak point, respectively. The portion of the curve between the origin and point A was a straight line. In this portion, no initial stress or strain occurred. Up to point C, Hooke's law was obeyed according to which stress was directly proportional to strain. Point C was thus known as the proportional limit. Point D indicated the location of the value of the ultimate stress. The PFC3D model was considered to have completely failed once it reached the ultimate stress. Fig. 10(a) shows that owing to the confining pressure, the vertical ultimate stress of the non-corroded model was 34.1 MPa, which was higher than that of C30 concrete (16.7 %). The stress was obviously reduced with a turning point at the stress peak, and the fracture mode was brittle fracture. In Figs. 10(b)-(d) , the increasing degradation depth not only decreased the vertical strength but also the strain at the peak point. When the degradation depths were 0, 100, 175, and 250 mm, the vertical strains at the peak point were 3.05 • 10 , respectively. When the degradation depths were 0, 100, 175, and 250 mm, the ratios between the strain at the proportional limit stress and peak stress were 0.918, 0.912, 0.857, and 0.751, respectively. The elastic portion of the stress-strain curve decreased rapidly.
In Fig. 10 , the process of model failure can be divided into four stages, viz., the beginning stage (I), the rising stage (II), the tempestuousness stage (III), and the drop stage (IV). At the preliminary stage of loading, i.e., the beginning stage (I), stress increased as a linear elastic feature. At the compression stage (Segment OA), no cracks were generated. The first crack occurred at point A, and the initiation crack stresses were 19.36, 13.92, 12.99, and 9.07 MPa. At the rising stage (II), CC showed a steady increasing tendency.
In Figs. 10 (a)-(b) , only one CC peak occurred right after the stress peak was reached. When the strain-stress curve entered the failure stage, the model destructed rapidly. The position of the major CC peak in Figs. 10(c)-(d) was almost the same as the position in Figs. 10(a)-(b) . In Figs. 10(a)-(b) , aside from the major CC peak, a small CC peak occurred between the beginning stage (I) and the rising stage (II). The fracture failure process is also a process of releasing energy. In Figs. 10(c)-(d) , the plastic portion of the stress-strain curve increased because some energy was released at the second CC peak before breaking. Fig. 11 is a side view of the crack shapes of different degradation depths at the proportional limit stress. The black and grey points in Fig. 11 represent the shear and tensile cracks, respectively. In Fig. 11 , nearly all cracks were shear cracks. Cracks were in homogeneous distribution in the non-corroded model. With an increase in degradation depth, the distribution of cracks gradually gathered at the bottom because of the stress concentration at the bottom of the damaged part. At the proportional limit point, the sidewall models with degradation depths of 0, 100, 175, and 250 mm contained a total of 1187, 644, 269, and 68 cracks, respectively. At the ultimate stress point D, CC increased rapidly. The PFC3D models were at the tempestuousness stage (III). At this stage, CC increased rapidly, and the structure of the shaft models transformed into unstable state. Fig. 12 is a side view of the crack shapes of different degradation depths at point D. When a bond broke either for tensile or shear failure, a new microcrack formed in PFC3D. Fig. 12 shows the distribution of microcracks at ultimate stress. As shown in Fig. 12(a) , the microcracks in the non-corroded model were almost uniformly dispersed, and the bearing capacity of the concrete was fully used. With an increase in the degradation depth near the pouring joint, the distance between the central axis of vertical loads and the section centroid where the concrete degradation increased, the distribution of microcracks concentrated on the upper and lower shear planes. Even when the degradation depth was 100 mm, no obvious sign occurred on the inner wall before failure, which was dangerous. Given that the sidewall models with degradation depths of 0, 100, 175, and 250 mm contained a total of 2477, 1470, 1193, and 633 cracks at the ultimate stress point, respectively, the energy release at the ultimate stress point decreased with an increase in degradation depth.
In Fig. 13 , the relative strain was the ratio between the current strain and the strain at the peak stress. Although the degradation depth differed, the CC of all four simplified models began to rise at the same relative strain of 0.55.
With an increase in degradation depth, the CC-relative strain curve was rough, and the amplitude of the portion of the curve increased before the ultimate stress had reduced. 
Conclusions
Although Ca 2+ in a sulphate solution is supersaturated and concrete is compact, the crystallized precipitation forms a dense layer on the concrete. The concrete is protected by this dense layer against sulphate attacks. When transverse cracks exist in the concrete, gypsum is crystallized in the inner concrete wall, and the sulphate attack is aggravated. Therefore, the effect of certain "non-aggressive" ions should be considered in sulphate attacks.
Owing to the strengthening effect of the confining pressure, the vertical ultimate stress of the sidewall is higher than the uniaxial compressive strength of concrete (16.7 %) . At the −355.5 m damaged part, the decreases in vertical ultimate stress show a strong linear correlation with degradation depth. When the degradation depth at −355.5 m reaches 250 mm, the bearing capacity of the sidewall is insufficient, and reinforcement should be performed before that point.
As for the non-corroded sidewall, obvious cracks appear in the inner wall before failure, and the CC of the non-corroded sidewall model at ultimate stress is 2477. With increasing degradation depth, no obvious sign occurs before failure, and the CC at ultimate stress decreases obviously. When the degradation depth is 250 mm, CC is only 633.
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